Fibroblasts can be reprogrammed to induced pluripotent stem cells (iPSCs) by application of transcription factors octamer-binding protein 4 (Oct4), SRY-box containing gene 2 (Sox2), Kruppel-like factor 4 (Klf4), and c-Myelocytomatosis oncogene (c-Myc) (OSKM), but the underlying mechanisms remain unclear. Here, we report that exog- 
Fibroblasts can be reprogrammed to induced pluripotent stem cells (iPSCs) by application of transcription factors octamer-binding protein 4 (Oct4), SRY-box containing gene 2 (Sox2), Kruppel-like factor 4 (Klf4), and c-Myelocytomatosis oncogene (c-Myc) (OSKM), but the underlying mechanisms remain unclear. Here, we report that exogenous Oct4 and Sox2 can bind at the promoter regions of mir-141/ 200c and mir-200a/b/429 cluster, respectively, and induce the transcription activation of miR-200 family during the OSKM-induced reprogramming. Functional suppression of miR-200s with specific inhibitors significantly represses the OSKM-caused mesenchymalto-epithelial transition (MET, an early event in reprogramming of fibroblasts to iPSCs) and iPSC generation, whereas overexpression of miR-200s promotes the MET and iPSC generation. Mechanistic studies showed that miR-200s significantly repress the expression of zinc finger E-box binding homeobox 2 (ZEB2) through directly targeting its 3′ UTR and direct inhibition of ZEB2 can mimic the effects of miR-200s on iPSC generation and MET process. Moreover, the effects of miR-200s during iPSC generation can be blocked by ZEB2 overexpression. Collectively, our findings not only reveal that members of the miR-200 family are unique mediators of the reprogramming factors Oct4/Sox2, but also demonstrate that the miR-200/ ZEB2 pathway as one critical mechanism of Oct4/Sox2 to induce somatic cell reprogramming at the early stage.
pluripotency | microRNAs | SMAD interacting protein 1 E ctopic expression of four transcription factors, octamer-binding protein 4 (Oct4), SRY-box containing gene 2 (Sox2), Kruppel-like factor 4 (Klf4), and c-Myelocytomatosis oncogene (cMyc) (OSKM), can directly convert mouse and human somatic cells to an embryonic stem cell (ES)-like pluripotent state (1) (2) (3) (4) (5) (6) . Fully reprogrammed induced pluripotent stem cells (iPSCs) are similar to ES cells in morphology, pluripotent gene expression pattern, teratoma formation, germ-line transmission competent chimeras, and tetraploid complementation (6) (7) (8) (9) . The iPSCs thus provide a valuable tool to study human disease and raise the possibility of somatic cell-based personalized therapy (10, 11) . Mesenchymal-to-epithelial transition (MET) has been shown as an important early event in somatic cell reprogramming (12, 13) . The factors activating MET, such as Bone Morphogenetic Proteins (BMPs) and TGF-β inhibitors, can promote iPSC generation (12) . Among the OSKM factors, Oct4 and Sox2 have been proven to be crucial in somatic cell reprogramming (14, 15) , but the mechanism of Oct4 and Sox2 in iPSC generation and MET process remains unclear.
The miR-200 family is comprised of five members (miR-200a, miR-200b, miR-200c, miR-141, and miR-429), which located within two clusters on two separate chromosomes. These miRNAs can be subdivided into two groups according to their seed sequences (group I: miR-200a and miR-141; group II: miR-200b, miR-200c, and miR-429). Previous studies found that miRNAs of the miR-200 family were enforcers of epithelial phenotype and key regulators of MET (16) (17) (18) . Enforced constitutive expression of the miR-200s in human mesenchymal cells promotes MET, whereas inhibition of miR-200s induces the mesenchymal-like spindle cell morphology, accompanied by an enhancement in cell migration. Expression of the miR-200 family is normal in ES cells but down-regulated during epithelial-to-mesenchymal transition (EMT), and stalls differentiating ES cells at the epiblast-like stem cell stage (19) . A recent report found that p53 serves as a transcriptional activator of miR-200c, but not of the miR-200a/b/429 in human mammary epithelial cells (20) , whereas an integrative genomic approach identified p73 and p63 as activators of miR-200a/b/429 and miR-200c/ 141 in ovarian carcinoma (21) . However, whether the miR-200 family can be regulated and is involved in OSKM-induced MET and iPSC generation remains unknown.
Using miRNA target prediction algorithms (22, 23) , the most prominent targets of the miR-200 family are zinc finger E-box binding homebox 1 (ZEB1) (also known as Tcf8 and δEF1) and ZEB2 [also known as zinc finger homebox1B (ZFXH1B) and SMAD interacting protein 1 (SIP1)] with multiple target sites (24, 25) . Both ZEB1 and ZEB2 are the key transcriptional repressors of E-cadherin (E-cad) and a number of master regulators of epithelial polarity (26) . Control of ZEB1 and ZEB2 by the miR-200 family is critical for MET and conducive to maintain stable epithelial states in human cancers (17) . Interestingly, ZEB1 was shown to repress miR-200c (27) . These data indicate that miR-200 family and ZEB1/ZEB2 represent a wellorganized signaling pathway to accurately regulate MET process. However, whether the miR-200/ZEB pathway also plays important roles in OSKM-induced MET and cell reprogramming remains unknown.
In the present study, we indentified that members of the miR-200 family, directly activated by Oct4 and Sox2, are able to help fibroblasts to overcome the MET barrier and facilitate iPSC generation. Inhibition of ZEB2 and overexpression of ZEB2 can mimic or block the effects of miR-200s on iPSC generation and MET process, respectively, indicating that the miR-200/ZEB2 pathway is critically involved in Oct4/Sox2-induced MET and iPSC generation. (Fig. S1A) . During iPSC reprogramming, these miRNAs are significantly up-regulated after infection by using OSKM on day 7 (Fig. 1A) , suggesting that the miR-200 family may correlate with pluripotency and their activation may promote the emergence of iPSCs.
Results

Oct4
Positive regulation of Oct4/Sox2 on the expression of miR-200 family were observed in MEF cells on day 4 after infection with retroviruses containing Oct4 and Sox2 (Fig. 1B) , but not for c-Myc or Klf4 (Fig. S1B) . Characterization of these miRNAs showed that members of the miR-200 family are clustered on chromosome 4 (mir-200a/b/429) and chromosome 6 (mir-141/ 200c). Analyses for the promoter regions of both clusters, and the custom binding sites of transcription factors Oct4/Sox2, gave a direct binding region of Oct4/Sox2 at the promoters of these miRNAs (Fig. 1C) . To investigate the direct activation of Oct4/ Sox2 on these miRNAs, we carried out dual-luciferase reporter assay with vectors containing the promoter region of each miRNA cluster with the predicted binding sites. Results showed that Oct4 specifically activates the mir-141/200c cluster and Sox2 can activate mir-200a/b/429 cluster in a dose-dependent manner (Fig. 1D) . However, when the corresponding binding sites were mutated, there was no effect of Oct4 or Sox2 on the mutant promoter vectors of the miR-200 clusters (Fig. S1C) . Further, we also observed almost 8.0-fold enrichment of Oct4 at the promoter region of mir-141/200c in MEF cells after infection with retroviruses generated with the vector pMx-Oct4, and 2.3-fold enrichment of Sox2 at that of mir-200a/b/429 after infection with pMx-Sox2, whereas there was no detectable enrichment in MEF cells and the negative control regions (Fig. 1E) . Supporting this speculation, our results indicated that members of the miR-200 family are specific and direct targets of key pluripotency-associated transcription factors Oct4/Sox2 in iPSC generation. 
Members of the miR-200 Family Promote the MET Process of iPSC
Reprogramming. The MET process has been shown with critical roles at the initial stage of somatic cell reprogramming. Consistently, we found that the expression level of mesenchymal genes (Snail, ZEB1, ZEB2, N-cadherin) were decreased and that of epithelial marker (E-cad, Ocln) were increased dramatically in MEF cells after infection with OSKM on day 5 and day 7 ( Fig.  S1F ), indicating an effective MET process in OSKM-induced iPSC generation. However, the mechanism of Oct4/Sox2 facilitating MET remains to be investigated. Because Oct4/Sox2 could directly activate the miR-200 family, we speculated that Oct4/ Primers for regions about more than 1,000 nt from the binding site were used as the negative control (NC) regions. Error bars represent the SD of three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001; Student's t test) (n = 3).
Sox2 may promote the MET process of iPSC generation by activating the miR-200 family.
Interestingly, we observed the number of ES-like colonies in OSKM+miRNA group was significantly higher than that in OSKM group (Fig. S2A) . Quantification assay for the expression level of the epithelial marker (E-cad) (Fig. 2D) , the E-cad-positive colony number (Fig. S2B) , and the proportion of E-cadpositive cells (Fig. S2C ) further confirmed that the increased level of E-cad and MET promotion induced by these miRNAs. The expression level of mesenchymal genes (Snail, ZEB1, ZEB2) were dramatically decreased in combination of OSKM and miR-200a, miR-200b, miR-200c, miR-141, or miR-429 on day 7 after infection compared with OSKM alone (Fig. 2E) , whereas functional inhibition of these miRNAs significantly prevented the decrease of the mesenchymal genes compared with the negative control group (Fig. 2F) . Moreover, overexpression of miR-200s can increase the expression level of some early reprogramming predictors [estrogen-related receptor beta (Esrrb), Utf1, Dppa2], whereas functional inhibition of these miRNAs significantly represses the expression of those early predictors (Fig. S2D) . Table S1 ). Endogenous Oct4, Sox2, Klf4, and c-Myc were activated, whereas exogenous transgenic OSKM were silenced in all iPSC lines (Fig. S3B and Table S2 ). Expression of pluripotency markers [Oct4, Nanog, Utf1, (Esrrb)] and predictors for successful reprogramming (Dppa2, Lin28) were also confirmed by qRT-PCR (Fig. 3A) and immunostaining assay for Oct4, Nanog, and SSEA-1 (Fig. S3C) . Moreover, inconsistent with the activation of endogenous Oct4 and Nanog, the methylation level of Oct4 and Nanog promoter regions was lower in OSKM+miRNA-derived iPSCs than that in OG-MEF cells, and similar to that in E14 and OSKMderived iPSCs (Fig. S3D and Table S3 ). Therefore, these iPSC lines derived by OSKM with members of the miR-200 family are pluripotent and have been successfully reprogrammed in terms of the activation of pluripotency-associated genes.
Differentiation Potentials of iPSCs Generated with the miR-200
Family. To investigate whether these OSKM+miRNA-derived colonies have fully differentiation potentials like ES cells, embryoid body (EB) and teratoma formation assays were performed. qRT-PCR analyses indicated that these differentiated EBs expressed relevant three germ layer markers (Laminin B1, Sox17, BMP4, Mixl1, FGF5), whenever the expression of pluripotency markers Nanog and Esrrb was markedly decreased (Fig. S3E) . Moreover, EBs generated from these iPSCs (iPS_200a, iPS_200b, iPS_200c, iPS_141, and iPS_429) exhibited positive immunostaining for lineage markers such as hepatocyte nuclear factor-3 beta (HNF-3β) (endoderm), GATA-binding protein 4 (Gata4) (mesoderm), and neuronal Class III β-tubulin (Tuj1) (ectoderm) (Fig. 3B) . For differentiation potential detection in vivo, these , and the inhibitor negative control (NC). GAPDH was used as an internal control. Error bars represent the SD of three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001; Student's t test) (n = 3). (Scale bars: 100 μm.)
OSKM+miRNA-derived iPSCs were injected to form teratomas with E14 cells as the positive control. Histological analysis revealed that these iPSCs can differentiate into all three germ layers like ES cells, including epithelium and glandular (endoderm), skeletal muscle (mesoderm), and neural tissue (ectoderm) (Fig. 3C ). Taken together, members of the miR-200 family can promote iPSC reprogramming without sacrificing the differentiation potentials of iPSCs.
Members of the miR-200 Family Specifically Repress ZEB2 Expression.
To further understand the mechanism underlying the miR-200 family effects on reprogramming, we explored the targets of miR-200a, miR-200b, miR-200c, miR-141, and miR-429. All of the five members can be classified into two groups based on the conserved binding sites (seed sequences). Combined with the previous studies and target prediction with three databases including TargetScan, Miranda, and PicTar, we obtained ZEB1 and ZEB2 as the candidate targets shared by these miRNAs in MET of iPSC reprogramming (Fig. 4A) . Further, we performed the luciferase assay by using the ZEB1 and ZEB2 wild-type 3′ untranslated region (UTR) luciferase reporters. As shown in Fig.  4B , the wild-type 3′ UTR luciferase reporter activities of ZEB2 were significantly repressed by miRNA mimics compared with the control mimics. Cotransfection with inhibitors and mimics for these miRNAs could rescue the effect of corresponding mimics on the reporter gene activities (Fig. 4C) . Regulation of the miR-200 family on ZEB1 and ZEB2 were further confirmed by the observations that there was little effect on the activities of ZEB1 and ZEB2 mutant 3′ UTR (Fig. 4B) . Taken together, members of the miR-200 family have more significant effects on ZEB2 than ZEB1, suggesting that the miR-200 family mainly target ZEB2. Consistently, the protein level of ZEB2 was significantly inhibited by specific miRNA mimics of miR-200 family and blocked by the corresponding inhibitors (Fig. 4D) . These results indicated that ZEB2 may be the preferred target gene of the miR-200 family in vivo.
miR-200 Family Promotes MET and iPSC Generation by Targeting
ZEB2. To address whether ZEB2 plays important roles in iPSC reprogramming, we carried out the ectopic expression and inhibition of ZEB2 (Fig. S4A ) in OSKM-induced iPSC generation. It was shown that overexpression of ZEB2 led to a significant decrease in the number of GFP-and AP-positive colonies in OSKM+ZEB2 group compared with that of OSKM alone (Fig.  5A) and elevated the expression level of mesenchymal genes, and decreased that of epithelial genes (Fig. S4B) . Inhibition of ZEB2 by shRNA can significantly mimic the effects of miR-200s on the expression level of MET genes (Fig. S4B) and GFP-and APpositive colony numbers (Fig. 5A) . Further, we compared the effects on MET and cell reprogramming efficiency after infection with OSKM, OSKM+miRNA, and OSKM+miRNA+ZEB2.
Results showed that the addition of members of the miR-200 family improved the reprogramming efficiency and promoted MET, whereas combination of the individual miRNA with ZEB2 blocked the effects of these miRNAs on the number of AP- (Fig.  S4C ) and GFP-positive (Fig. 5B ) colonies, and MET process ( Fig.  5C and Fig. S4D ) in iPSC generation. These findings suggested that members of the miR-200 family enhance MET of somatic cell reprogramming by directly targeting ZEB2 and first provided evidence for the critical role of the miR-200/ZEB2 pathway involved in Oct4/Sox2-mediated MET and iPSC generation.
Discussion
Reprogramming from somatic cells to patient-specific iPSCs provides a valuable tool for studying human disease and personalized therapy. Among the defined transcriptional factors OSKM, Oct4 and Sox2 play critical roles in somatic cell reprogramming (14, 15) . However, the exact roles and mechanisms of Oct4/Sox2 in iPSC generation are not clear. In the present study, we found that activation of the miR-200/ZEB2 pathway is an unrevealed and important function of Oct4/Sox2 at the early stage of iPSC generation. It is becoming increasingly evident that miRNAs play crucial roles in somatic cell reprogramming, self-renewal, and differentiation. Previous studies showed that ES-specific miRNAs (miR-290 cluster; miR-302/367; miR-106a cluster) are under the control of the key transcription regulators such as Oct4, Sox2, and Nanog via occupying the promoters of miRNAs and play critical roles in maintaining ES cell pluripotency and self-renewal (28, 29) . Among these miRNAs, miR-302 cluster is comprised of a cluster of eight related miRNAs and is directly regulated by Oct4 and Sox2 through binding at the promoter (29) . miR-302 and ES-specific miR-290 cluster have been proven to promote the iPSC generation (30, 31) , and miRNAs serve as sequencespecific posttranscriptional regulators, suggesting that direct regulation of miRNA expression by core transcription factors may represent one of the crucial mechanisms for transcription factors specifically regulating definite gene expression and cell reprogramming. Consistent with these reports, we found that Recently, it has been demonstrated that the MET process is an important early event of iPSC generation (12) and the activation of EMT is associated with the maintenance of stem-cell properties (36) . Our results thus indicated that the miR-200 family can promote the formation of iPSCs at the early stage. This conclusion was further supported by our findings that the miR-200s could up-regulate the expression level of Esrrb, Utf1, and Dppa2, the recently proven early predictors for successful reprogramming (37) .
ZEB2 is a member of the ZFHX1 family of two-handed zinc finger/homeodomain proteins and was initially discovered with the yeast two-hybrid system as a binding partner of SMAD1 and SMAD2/3 (38) . The best characterized role of ZEB2 is the induction of cell transformation and metastasis during the induction of EMT process, a phenomenon occurring normally during embryonic development, wound healing, and carcinogenesis (39) . Mimics control was used as the negative control (NC). GAPDH was used as a loading control. Error bars denote the SD derived from three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001; Student's t test) (n = 3). However, the function of ZEB2 in iPSC generation remains unclear. Based on the effects of overexpression and inhibition of ZEB2 on iPSC generation, the present study proved the unrevealed function of ZEB2 in iPSC reprogramming.
Previous studies found that members of the miR-200 family mainly function through directly targeting the mesenchymal markers ZEB1 and/or ZEB2 in the EMT process of cancer metastasis (18, 20) , where the ZEB2 protein is responsible for repressing the key MET gene E-cadherin (40) . It has been indicated that ZEB1 and ZEB2 could form a double-negative feedback loop with miRNAs to control EMT and MET programs in both development and tumorigenesis (41) . Here, we found that ZEB2 is the in vivo functional target of miR-200s, inhibition of ZEB2 can mimic the effects of miR-200s, and overexpression of ZEB2 can significantly rescue the effects of miR-200s in MET and iPSC generation. These data prove that the miR-200/ZEB2 pathway plays critical roles in Oct4/Sox2 facilitating MET and iPSC reprogramming.
In conclusion, we found that Oct4 and Sox2 can directly activate the expression of a specific cluster of the miR-200 family by binding to their promoter regions, whereas the expression of miR-200s significantly repress ZEB2 expression through directly targeting its 3′ UTR. This miR-200/ZEB2 pathway helps fibroblasts to overcome the MET barrier and facilitates OSKM-induced iPSC generation. These results not only suggest that miR200s are the unique mediator of Oct4 and Sox2 for the iPSC induction, but also demonstrate that the miR-200/ZEB2 pathway plays important roles in Oct4/Sox2-initiated MET process and somatic cell reprogramming.
Materials and Methods
Oct4::GFP MEFs (OG-MEFs) were used for iPSC induction with pMX-Oct4, Sox2, Klf4, c-Myc (3), and corresponding miRNA vectors constructed with primers in Table S4 . iPSCs were maintained on feeder layers of mitomycin C (Sigma)-treated MEF cells. qRT-PCR assay with primer sequences listed in Table S5 for gene expression, and the Bulge-LoopTM miRNA qPCR Primer Sets (Ribobio) were used to detect the expression of miRNAs. ChIP-PCR assay was carried out with antibody for rabbit control IgG (Millipore), antiOct4 (Abcam), anti-Sox2 (Abcam), and primers around the binding site (<200 nt) and negative control region (>1,000 nt from the binding region of mmu-mir-141/200c, chromosome 6: 124677751-124677900; and mmumir-200a/b/429, chromosome 4: 154908051-154908150) ( Table S5 ). The expression level was quantized by the relative standard curve method. Inhibitors for miRNAs chemically synthesized single-stranded RNA and antisense oligonucletides of mature miRNA by Ribobio were cotransfected with OSKM as described (42) . Luciferase reporter assay, FACS, AP staining and immunostaining, embryoid body formation and in vitro differentiation, teratoma formation and H&E staining, and other protocols are provided in SI Materials and Methods.
